Gas velocity characteristics from a nozzle and a series of nozzles in a confined cylindrical vessel by Murtyastanto,
University of Wollongong 
Research Online 
University of Wollongong Thesis Collection 
1954-2016 University of Wollongong Thesis Collections 
1998 
Gas velocity characteristics from a nozzle and a series of nozzles in a 
confined cylindrical vessel 
Murtyastanto 
University of Wollongong 
Follow this and additional works at: https://ro.uow.edu.au/theses 
University of Wollongong 
Copyright Warning 
You may print or download ONE copy of this document for the purpose of your own research or study. The University 
does not authorise you to copy, communicate or otherwise make available electronically to any other person any 
copyright material contained on this site. 
You are reminded of the following: This work is copyright. Apart from any use permitted under the Copyright Act 
1968, no part of this work may be reproduced by any process, nor may any other exclusive right be exercised, 
without the permission of the author. Copyright owners are entitled to take legal action against persons who infringe 
their copyright. A reproduction of material that is protected by copyright may be a copyright infringement. A court 
may impose penalties and award damages in relation to offences and infringements relating to copyright material. 
Higher penalties may apply, and higher damages may be awarded, for offences and infringements involving the 
conversion of material into digital or electronic form. 
Unless otherwise indicated, the views expressed in this thesis are those of the author and do not necessarily 
represent the views of the University of Wollongong. 
Recommended Citation 
Murtyastanto, Gas velocity characteristics from a nozzle and a series of nozzles in a confined cylindrical 
vessel, Master of Engineering (Hons.) thesis, Department of Materials Engineering, University of 
Wollongong, 1998. https://ro.uow.edu.au/theses/2487 
Research Online is the open access institutional repository for the University of Wollongong. For further information 
contact the UOW Library: research-pubs@uow.edu.au 

GAS VELOCITY CHARACTERISTICS 
FROM A NOZZLE AND A SERIES OF NOZZLES 
IN A CONFINED CYLINDRICAL VESSEL 
A thesis submitted in fulfillment of the requirements for 
the award of the degree of 
Master of Engineering (Honours) 
from 
University of Wollongong 
by 
MURTYASTANTO (Ir. ITB, Bandung) 
Department of Materials Engineering 
July 1998 
"High Thinking Plain Living" (Mahatma Gandhi) 
ABSTRACT 
Gas distribution from a nozzle and a series of nozzles has been studied. 
The simple axisymmetric, round, free jet and multijet and two dimensional, 
free jet and multijet were investigated by employing a set up with one 
nozzle, three and five nozzle series and measured by using a pitot tube. 
The results show that the variation in the centreline mean velocity decay 
(decay rate) of the one circular nozzle, three and five circular nozzle series 
follows inverse law decay, x \ whereas the variation in the centreline mean 
velocity decay (decay rate) of the one rectangular nozzle, three and five 
rectangular nozzle series follows an inverse square root law decay, 
The mean velocity profiles in the centre plane, z = 0, for circular and 
rectangular type of the one nozzle and the three and five nozzle series 
show a continuous broadening of the velocity of the jet in the different 
downstream stations and across the submerged jet. 
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NOTATION 
A cross-sectional area of test section 
Ag area of the truncated section 
\ area of the throat that the Mach number equal to unity 
discharge area of a single hole/nozzle 
b slot width 
bi measure of the width of the free jet in equation (2.54) 
be discharge area per unit span or equivalent two-
dimensional slot width 
c, Cm constants of proportionality in equations (2.57) and 
(2.67), respectively 
Cp specific heat at constant pressure 
^^ specific heat at constant volume 
c speed of sound, 
d diameter of the throat 
g acceiaration due to gravity 
h a visual reading of differential fluid height 
ĥ  total enthalpy 
J downstream momentum obtained by numerical 
integration of mean velocity profiles 
J' jet momentum efflux per unit span, neglecting the 
internal boundary layers (=2(po- poc)be) 
Ko constant, as in equation (2.58) 
k ratio of specific heats, Cp/Cv 
L lateral coordinate y for which U/Um = — 
2 
M Mach number 
^e Mach number at the exit 
m mass-flow rate 
n numbers order of jets from the origin at n = 0 
p, Po static and supply pressure respectively 
Pt total pressure 
Per. pressure of the still surroundings 
R gas constant, 289 J/KgK or Reynolds number 
r, Y, X cylindrical polar co-ordinates with the origin at n = 0 
Si entropy of flowing fluid at the reference point 1 
S^ entropy of flowing fluid at the reference point 2 
s distance between adjacent holes 
T static temperature 
Tq static temperature that the Mach number equal to unity 
Te static temperature at the exit 
T̂  total temperature 
U mean velocity in the longitudinal direction x 
Xll 
U' turbulent fluctuating component of the velocity in the 
longitudinal direction x 
u, V, Wy instantaneous velocity in direction x, r or y, and y, 
respectively 
Uc maximum mean longitudinal velocity in the jet at any x 
Uo discharge velocity ^ { ( 2 o r MeCe 
V flowing speed or 
mean velocity component in y-direction 
V^ flowing speed that the Mach number equal to unity 
X, y, z Cartesian co-ordinates with the origin at n = 0 
Xo distance of the hypothetical origin downstream of the 
discharge plane 
X2D identifies the start of the two-dimensional region of the 
quasi-two-dimensional jet 
p local or static density or density of flowing fluid 
Pm density of fluid in the manometer 
Pt total density 
Pe gas density at the nozzle exit 
A momentum transfer length, defined in equation (2.54) 
a constant, as equation (2.68) 
V kinematic viscosity 
xin 
CHAPTER ONE 
INTRODUCTION 
1.1 Background 
Gas or liquid velocity distribution is an important phenomenon to explain 
the velocity profile in a medium at which turbulence is promoted. 
Turbulence governs many operations in process industry including 
combustion processes, heat transfer operations and mixing. In the case of 
mixing of reactants, turbulence makes effective utilization of the reactor 
volume to increase reactants contact and decrease reaction time. The 
effect of the improvement of the reaction parameters causes a decrease 
in the investment of equipment to be installed [Forney et al., 1996]. 
Examples of specific applications in ironmaking are injecting oxygen Into 
transfer line of an Hyl III reactor, as a basis in studying of jet behaviour at 
exit nozzles of the plenum of Hyl ill reactor, and injecting process gas at 
the bottom of a column of the CO2 Absorber in PT Krakatau Steel. 
Examples of the applications in steelmaking are injecting inert gas at the 
bottom of a steel ladle or ladle furnace and injecting cooling water onto a 
strip in the hot strip mill. 
1.2 Identification of the Problem 
Turbulent jet is a kind of turbulence that happens if a source of momentum 
is discharging freely with Reynolds number greater than 2,000 and upon 
leaving an outlet, will entrain the surrounding fluid, expand, and decelerate 
[Perry and Green, 1997]. A submerged jet is a type of turbulent jet that 
diffuses through a medium at rest [Abramovich, 1963]. Studies of 
turbulence of a submerged jet have been carried out extensively in the 
past by many investigators [Trupel, 1915; Forthmann, 1934; Abramovich, 
1948; Albertson, et al., 1950; Miller and Coming, 1957; Zijnen, 1958; 
Heskestad, 1964; Wygnanski and Fiedler, 1969; Rodi, 1975] and more 
recently by other investigators [Capp et al., 1990; Panchapakesan and 
Lumley, 1993; Yimer, 1993]. 
Wygnanski and Fiedler [1969] studied extensively and systematically an 
axisymmetric, round, free jet. The results of their experiments were used 
by many recent investigators to compare the results of their own 
experiments. Wygnanski and Fiedler [1969] obtained their results by using 
SHW{Stationary Hot-wire). Capp, et al., [1990] repeated the conditions of 
the Wygnanski and Fiedler's experiment and modified a few parts of the 
apparatus to make sure the hypothesis of the effect of a much larger 
dimensions of reservoir so that a jet was emerging freely in essentially an 
infinite environment [Panchapakesan and Lumley, 1993]. Capp, et al. 
[1990] carried out their experiments by using SHW and LDA {Laser 
Doppler Anemometer). The other investigators [Panchapakesan and 
Lumley, 1993] inriproved the nnethod of measurement with an anemometer 
by installing a hot-wire that can be moved along the jet axis, across the 
jet, and at downstream stations. The method of measurement was 
mentioned as being a Shuttle-mounted Hot-wire. Yimer [1993] also 
studied the simple axisymmetric, round, and free jet as a basis of 
extensive experimental study of a multiple tube burner with rotational 
symmetry and no swirl. Yimer [1993] employed the differential pitot tube 
that has been customarily used in combustion experiments. The results of 
Yimer [1993] experiments agreed with previous investigators [Wygnanski 
and Fiedler, 1969; Rodi, 1975; Capp et al., 1990 and Panchapakesan and 
Lumley, 1993]. 
The study of a two dimensional, planar, free jet was first introduced by 
Forthmann [1934]. Forthmann [1934] and later Zijnen [1958] carried their 
experiments for the condition close to the exit of the nozzle. Miller and 
Coming [1957] extrapolated the range of the downstream stations of 
measurement of the above workers between 0-40 orifice widths. 
Heskestad [1965] continued the experiment by applying the downstream 
distance ranging from 45 to 160 orifice widths. The different results were 
established in that experiment because of the different similarity of the 
length scale variation. From a survey of the literature, it can be concluded 
that a few studies were recently published in the area of this topic. 
The simple axisymmetric, round (quasi two-dimensional), free multijet and 
two-dimensional, free multijet were first investigated by Knystautas [1964]. 
He employed a set-up with seven nozzles and measured the velocities by 
using a pitot tube. The results of his experiment compare well with a single 
axisymmetric and two-dimensional jet. 
1.3 Objectives of the Study 
The following aspects were studied: 
1. gas mean velocity pattern from one circular nozzle, three and five 
circular nozzle series were compared with one rectangular nozzle, 
three and five rectangular nozzle series. 
2. the variation in the centreline mean velocity decay (decay rate) of one 
circular nozzle, three and five circular nozzle series were compared 
with one rectangular nozzle, three and five rectangular nozzle series. 
3. In the present study, a submerged jet emerges into medium at rest in a 
confined cylindrical vessel rather than being a much larger dimensions 
of reservoir as in most previous experimental investigation. 
4. A reversed pitot tube, also known as a pitometer, has one pressure 
opening facing upstream and the other facing downstream, was used 
to determine the axial and lateral velocity distributions. 
CHAPTER TWO 
THEORY 
2.1 Introduction 
In the analyzing of compressible flow, it is often assumed that there is no 
heat transfer to or from the fluid during the flow; that is an adiabatic 
process prevails. If it is also assumed that the process is reversible, then 
the entropy will remain constant, such a process (reversible and adiabatic) 
is called an isentropic process. If the fluid is an ideal gas, then it yields 
simple and convenient process laws for an isentropic process for which 
Gerhart and Gross [1985], give 
S^ - S, = 0 = Cp In (T^/T^) - R In (p^ / p^) (2.1) 
Dividing by R and taking the antilogarithm gives 
(p,/p^) = { y j ^ f p ñ (2.2) 
Using the relations 
Cp - C^ = R (2.3) 
Cp/R= k/(k-1) (2.4) 
equation (2.2) can be written 
(p^/p,) = (T/Y,) (2.5) 
Similarly, density relationships are 
(p^p,) = {T^f j /^ ' - '^ (2.6) 
( P2I Pi)' = (P2/P1) (2-7) 
2.2 Mach Number Relationships 
In view of physical arguments, one realizes that an important parameter 
relating to compressibility effects is the ratio of the flowing speed to sound 
speed. This parameter was first proposed by Ernst Mach, an Austrian 
scientist, and bears his name, thus, the Mach number is defined as 
M = V/c (2.8) 
Besides the heuristic argument presented above for Mach number, Mach 
number is ratio of the inertia! to elastic forces acting on the fluid. If the 
Mach number is small, then the inertial force is small compared with the 
elastic forces and there is little compression of the fluid. Compressible 
flows are characterized by their Mach number regimes as follows : 
M < 1 subsonic flow 
M « 1 transonic flow 
M > 1 supersonic flow 
Flows with Mach number exceeding 5 are sometimes referred to as 
"hypersonic." 
As is well known, Bernoulli's equation and the energy equation are useful 
in determining fluid property along streamlines in fluid flow. In this section, 
it shall be shown how the Mach number is used to determine fluid 
properties in compressible flows. For this purpose, consider the control 
volume bounded by two streamlines in a steady compressible flows, as 
shown in Figure 2.1. Applying the energy equation to this control volume 
and realizing that the shaft work is zero, gives [Roberson and Crowe, 
1975] 
-m^ (h^ + + gz^) + m^ (h^ + V2 /̂2 + gz^) = Q (2.9) 
The elevation terms (ẑ  and z^) can usually be neglected for gaseous 
flows. 
Control 
Volume 
Streamline 
Figure 2.1. Control Volume enclosed by streamlines. 
If the flow is adiabatic (Q = 0), the energy equation then reduces 
(2.10) 
From continuity, the mass flow rate is constant 
m^ = m2 = m, 
so h^+V^^/2 = h2 + v / / 2 (2.11) 
Since positions 1 and 2 are arbitrary points on the streamline, it can be 
said that 
h + V^/2 = constant along a streamline in an adiabatic flow 
The constant in this expression is called the total enthalpy which would 
arise if the flow velocity were brought to zero in a steady, adiabatic 
process. Thus, the energy equation along a streamline under adiabatic 
condition is 
h + v ' /2 = ĥ  (2.12) 
If ĥ  is the same for all streamlines, the flow is "homenergetic" (or 
isoenergetic). 
2.3 Temperature 
The enthalpy of an ideal gas can be written as 
h = CpT (2.13) 
Substituting this relation into equation (2.13) and dividing by Cp T gives 
1 + (V^'/2CpT) = (T^/T) (2.14) 
From thermodynamics and equation (2.3) 
Cp - C^ = R for an ideal gas 
or k-1 = R/C = kR/C so 
V p 
Cp = kR/(k-1) (2.15) 
Substituting this expression for Cp back into equation (2.14) and realizing 
that kRT is speed of sound squared, results in 
T= T(1 +(k-1)M^/2) (2.16) 
The temperature T is called the static temperature - the temperature which 
would be measured by a thermometer moving with the flowing fluid. Total 
temperature is analogous to total enthalpy in that it is the temperature that 
would arise if the velocity were brought to zero in a steady, adiabatic 
process. If the flow is adiabatic, the total temperature is constant along a 
streamline. If not, the total temperature varies according to amount of 
thermal energy transferred. 
2.4 Pressure 
If the flow is isentropic, thermodynamics shows that the following 
relationship for pressure and temperature between two points on a 
streamline is valid [Gerhart and Gross, 1985] : 
(p/p^) = (2.17) 
Isentropic flow means that there is no heat transfer, so total temperature is 
constant along the streamline. Therefore, 
(2.18) 
Solving for the ratio T^/T2 and substituting into equation (2.17) shows that 
the pressure variation with the Mach number is given by 
•\k/{k-i) 
T̂  = T̂  (1 + (k-1) M^'/2) = T^ ( 1 + (k-1) m//2) 
/ A 
Z i 1 + l ) / 2 " 
1 + • 1) / 2" M f 
(2.19) 
The total pressure pt in a compressible flow is defined; 
Pt = p(1 (2.20) 
which is the pressure which would result if the flow were decelerated to 
zero speed reversibly and adiabatically. Unlike total temperature, total 
pressure may not be constant along streamline in adiabatic flows. 
Consider the ratio of the total pressures between two points 1 and 2 on a 
streamline in adiabatic flow : 
\ 
A2 1 
f \ P\ 1 + l ) / 2 ' 
V A i ^ KPz) 1 + l ) / 2 ' 
kl{k-\) / \ P\ 
yPlJ 
ki{k-\) 
(2.21) 
Unless the flow is, in addition, reversible and equation (2.17) is applicable, 
the total pressures at point 1 and 2 will not be equal. However, if the flow is 
isentropic, total pressure is constant along streamline. 
2.5 Density 
Analogous to total pressure, the total density in a compressible flow is 
given by [Roberson dan Crowe, 1975] 
P t=P(1 + [(k-1)/2]M ) i/(k-i) (2.22) 
Where p is the local or static density. If the flow is isentropic, then pt is a 
constant along streamlines and equation (2.22) can be used to determine 
the variation of gas density with the Mach number. 
2.6 Isoenergetic-lsentropic Flow with Area Change 
If there is no heat transfer or work, flow in a variable-area passage (Figure 
2.2) will be isoenergetic. If there are no shocks or friction, the flow will also 
be isentropic. Without limiting consideration to specific type of fluid (such 
as an ideal gas), the fluid properties and velocity must satisfy the following 
equations [Gerhart and Gross, 1985]; 
continuity equation; 
pVA = m = constant 
energy equation; 
(2.23) 
h + v2/2 = ht = constant (2.24) 
property relation ( Gibbs equation for isentropic flow); 
dh - dp/p = T dS = 0 (2.25) 
Taking the logarithm of the continuity equation and differentiating, one can 
obtain; 
dp/p + dVA/ + dA/A = 0 (2.26) 
Differentiating the energy equation gives; 
dh + V dV = 0 (2.27) 
With three equations, two variables can be eliminated. From the Gibbs 
equation; 
dh = dp/p 
Substituting into equation (2.27), we have; 
dp/p + V dV = 0 (2.28) 
since the process is isentropic, it can be writen; 
dp = 5p/5p I s dp = c2 dp 
and equation (2.28) becomes 
c ^ (dp/p) + V dV = 0 (2.29) 
( V V - 1 )dVA/ = dA/A (2.30) 
or, using the definition of Mach Number; 
dV/V=(1/M^-1)dA/A (2.31) 
11 
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Equation (2.31) explains that Mach number will have an effect to the 
changing of velocity of flowing fluid, if there is any variable area in the 
duct. Figure 2.2 shows the variable-area duct. 
Figure 2.2. Variable-Area Duct. 
Subsonic flow, for subsonic flow, M^ -1 is negative, which means that 
decreasing area leads to increasing velocity, and correspondingly, an 
increasing area leads to a decreasing velocity. This velocity-area 
relationship agrees with experience relating to flow through pipes with 
section changes. 
Supersonic flow, for supersonic flow, M^ - 1 is positive, so a decreasing 
area leads to a decreasing velocity and an increasing area to an increasing 
velocity. Thus, the velocity at the minimum area of a duct with supersonic 
compressible flow is minimum. This is the principle underlying the 
operation of diffusers on jet engines for supersonic aircraft. 
Transonic flow (M « 1), stations along a duct corresponding to dA = 0 
represent either a local minimum or local maximum in the duct's cross-
sectional area. In particular, if the flow was supersonic trough duct, then 
the velocity would be a minimum at the throat; if subsonic, a maximum. 
2.7 Laval Nozzle 
The Laval nozzle is a duct of varying area that produces supersonic flow. 
The nozzle is named after its inventor, de Laval (1845-1913), a Swedish 
engineer. The nozzle must consist of a converging section to accelerate 
the subsonic flow, throat section for transonic flow, and a diverging section 
to further accelerate the supersonic flow. Thus, the shape of Laval-nozzle 
is shown in Figure 2.3. 
High Pressure 
Gas 
Laval 
Nozzle 
Test Section 
Figure 2.3. Laval Nozzle. 
The equations relating to the compressible flow through a Laval nozzle 
have already been developed in Section 2.6. Since the mass-flow rate is 
similar at every cross section along the nozzle, it has; 
pVA = constant 
The constant is usually evaluated corresponding to those conditions which 
exist when the Mach number is unity. Thus; 
pVA = poAoVo 
The circular signifies conditions where the Mach number is equal to unity. 
Rearranging it gives; 
(A/A ) = p W p V (2.32) 
However, the velocity is product of Mach number and the local speed of 
sound, therefore; 
(A/A,) = (p,/p) (M^M) [(kRT )/(kRT) 
by definition M =1,so 
1/2 (2.33) 
1/2 
(A/A,) = (p,/p) (1/M) (in) (2.34) 
Because the flow in the Laval nozzle is assumed to be isentropic, the total 
temperature, total pressure and total density are constant throughout the 
nozzle. Substituting the previous equations gives the following relationship 
between area and Mach number in a Laval nozzle; 
A r 1 \ 
A, 
1 
\M) 
\ + \{k-\)l2]M 
(/: + l ) / 2 
{k + \)l2{k-\) 
(2.35) 
This equation is valid, of course, for all Mach numbers-subsonic, transonic, 
and supersonic. The area ratio, A/A^ is the ratio of the area at the station O ) 
where the Mach number is M to the area at the throat (where M = 1 ). 
2.7.1 Mass-flow rate through a Laval nozzle 
An important consideration in design of a supersonic wind tunnel is size. A 
large wind tunnel requires a large mass-flow rate that, in turn requires a 
large pumping system for a continous flow tunnel or a large tank for 
sufficient run time in intermittent tunnel. The easiest station at which to 
calculate the mass-flow rate is the throat, because at this station the Mach 
number is unity. 
m = poAoVo 
= Po Ao (kRTo 
= p t (kRTt Ao [2/(k+1)] (2.36a) 
Usually the total pressure and temperature are known. Using the equation 
of state for an ideal gas to eliminate p we have 
m = (2.36b) 
For gases with a ratio of specific heats of 1.4, 
1/2 
m = 0.685 p^A^/(RT^) (2.36c) 
2.7.2 Mass-flow rate through a truncated nozzle 
The truncated nozzle is a Laval nozzle cut off at the throat, as shown in 
Figure 2.4. 
« 
p=pt 1 
I 
T=Tt r 
p=pe 
pb 
Figure 2.4. Truncated Nozzle. 
The mass flow through a truncated nozzle can be calculated if the flow is 
determined by following the procedure [Roberson and Crowe, 1975]. First, 
the flow at the exit must be known whether is sonic or subsonic. Because 
the nozzle area does not diverge, the flow at the exit could never be 
supersonic. Second, the value of the critical pressure ratio should be 
calculated. The ratio for air is 0.528. 
The critical pressure ratio po/pt; 
Po ( 2 
Pi \k-\-\J 
(2.37) 
Third, evaluation of the ratio of back pressure to total pressure pb/pt is 
made and compared with the critical pressure ratio : 
1. if Pb/pt < Po/Pt, the exit pressure, Po is higher than the back pressure, 
Pb, so the exit flow must be sonic. The mass-flow is then calculated 
using m; 
(A: + 1)/2(A:-1) 
m= (2.38a) 
2. If Pb/pt > Po/pt, the flow exist subsonically. Because the exit pressure 
Po would be less than the back pressure, Pb, so the mass-flow can be 
calculated by m; 
m =peAeMeCe (2.38b) 
The parameter Ae, , Me , Ce , Te and pe are determined at the exit 
condition. 
II 
ik-])/k 
Pt - 1 
2 
_ 
(2.39a) 
Te = Tt/{1 +[(k-1)/2]Me'} 
Ce = -yJkRTl 
(2.39b) 
(2.39c) 
Pe = — (2.39d) 
RT, 
2.8 Gas Distribution Phenomena from a Nozzle 
In the previous section, various types of nozzle were discussed. The 
properties of fluid are determined so that a nozzle can be explained by 
arranging mathematics expressions. In the present section, attention is 
concentrated on properties of gas distribution if turbulent jet which results 
from the injection of a fluid through a nozzle discharge freely into large 
reservoir in which a second fluid is at rest. 
A jet is a source of momentum and energy in a fluid reservoir. In its 
simplest form, jet is purely interactions within the fluid. Some mechanism or 
structure is required to initiate this phenomenon, but its development and 
final form are governed only by viscous fluid dynamics. The analysis of jets 
in this section is generally made under the following simplifying 
assumptions [Blevins, 1984]: 
1. The fluid is homogeneous and Newtonian. However, the fluid may carry 
heat or a chemical species; 
2. The fluid is incompressible speed. In practical terms, the Mach number 
of the flow is assumed to be less than 1.0; 
3. The static pressure in the reservoir is uniform, except for the action of 
the jet. 
Turbulence is rather a familiar notion; yet it is not easy to define in such a 
way as to cover all its phenomena. The definition is as follows : "Turbulent 
fluid motion ¡s an irregular condition of flow in which the various quantities 
show random variation with time and space coordinates, so that 
statistically distinct average values can be discerned." [Hinze, 1959]. 
As mention in Hinze [1959], Taylor [1936] and Von Karman [1937] have 
stated in their definition, turbulence can be generated by friction forces at 
fixed walls (flow through conduits, flow past bodies) or by the flow of the 
layers of fluids with different velocities past and over one another. As will 
be shown in what follows, there is a distinct difference between the kind of 
turbulence generated in the two ways. Therefore, it is convenient to 
indicate turbulence generated and continuously affected by fixed walls by 
designation wall turbulence and to indicate turbulence in the absence of 
wall by free turbulence, the generally accepted term. 
2.8.1 The Equation of Motion in Free Turbulence: Approximate 
Forms 
The free turbulent shear flows of most practical importance have flow 
distribution that is two dimensional and axisymmetric. The momentum and 
continuity equations for two dimensional case can be approximated using 
a boundary-layer type for the mean velocity and reduce to [Townsend, 
1956] : 
(7 — + K — + — w ' - v ' + — = 0 (2.40) 
ox ^ Sx^ ^Sy dy 
su sv „ 
(2.41) 
where the general direction of the flow is in the x-direction. The quantities 
2 —2 
u and V are Reynolds normal stresses, and uv is Reynolds shear 
stress. For the case of the plane jet, the x-direction point along the mean 
resultant velocity in the center plane and y be normal to the center plane 
[Heskestad, 1965]. Townsend [1956] shows that a similarity form of 
equation (2.40) for the plane jet is possible for high Reynolds numbers if 
the length scale L and the velocity scale Uc behave like 
L oc (X - Xo) (2.42) 
Uc oc (X - Xo) (2.43) 
where Xo is some virtual origin. So that, choose Uc to be the center plane 
velocity and L be the lateral coordinate y for which U/Uc = 0.5. 
In terms of similarity functions [Heskestad, 1965] 
f(Tl) = U/Uc; g(ii) = V/Uc (2.44) 
_ 2 — 2 
II V UV 
giOl) = - T ; 92 Ol) = TTT; 912 {^) = (2.45) 
Ul Ul Ul 
where r| = y/(x - Xo), equation (2.40) becomes, using equation (2.41) 
1/2 f ^ + 1/2 f ' J / { s ) d s + (gi - ga) + r| (gi' - gs) - gi2 = 0 (2.46) 
0 
A solution for the mean velocity results if the normal stresses gi and gz are 
neglected in equation (2.46) and a constant, i.e., independent of y for 
constant x, eddy viscosity 
Vj -
-uv 
SU/Sy 
(2.47) 
is assumed. Then equation (2.46) takes the form 
f ^ + \f{s)ds + (2 /R) r = 0 
0 
(2.48) 
where R = UcX/vy, a constant with the form of a Reynolds number. The 
assumptions used in the mean velocity field in the turbulent jet have the 
same problems as arise in the laminar case. Bickley [1937] proposed the 
solution based on the laminar jet, of equation (2.48) become to 
f(ri) = U/Uc= sech' 
R \I2\ 
r¡ or 
U/Uc= sech^ y (2.49) 
The momentum equation for time average velocity for incompressible 
turbulent flow in a single axisy m metric jet discharging freely can be 
written in cylindrical co-ordinates as [Knystautas, 1964]; 
ÔX \p ^ rÔr^ ^ 
(2.50) 
The static pressure, p, and the Reynolds Number, R, are assumed to be 
sufficiently high for the viscous terms to be unimportant. The effect of 
variations in the downstream static pressure may be neglected in the light 
of conclusions drawn by Miller and Coming [1957] for two dimensional jet if 
2 —2 w were replaced by square mean velocity U . The reason can be valid, 
because of ratio square longitudinal fluctuating component, U'̂  to square 
mean velocity generally small (1-2 per cent), so that within the 
accuracy of the present theory it is justifiable to neglect the effects of the 
longitudinal fluctuating component U' = u -U. 
Since the pressure is everywhere ambient, 
00 
pU {27jr)dr - J , the jet momentum (2.51) 
and equation (2.50) can be rewritten; 
8x rôr^ ^ 
(2.52) 
On the basis of Reichardt's inductive theory of free turbulence [Reichardt, 
1943] 
uv = - A 
dû' 
ôr 
where A = 
2 dx 
bi is a function of x only and is a measure of the width of the jet. 
Equation (2.52) can be rearranged as 
SU'^ b^ db^ 5 2 . . . o r 
ÔX Ir dx ôr Sr 
= 0 
and solved to give 
K. 
/ \2 r 
(2.53) 
(2.54) 
(2.55) 
(2.56) 
equations (2.51) and (2.56) definitely that 
bi oc X or 
= C m X ( 2 . 5 7 ) 
and that K̂ ^ = — 
Tip 
This is equivalent to 
(2.58) 
K 
Since J = ^^ for an axisymmetric jet, equation (2.56) can be 
rewritten as 
U^ A , 
2 r 
U? ~ TrCix^ " (2.59) o m 
2.9 Gas Distribution Phenomena from a Series of Nozzles in Line 
Injection of a fluid that emits from a nozzle was explained in Section 2.8. In 
the present section, injection of a fluid is carried on a series of nozzles in 
line. The phenomena would be extensively investigated to understand 
behavior of the fluid flow emanating from a series of closely-spaced 
uniform nozzles in line. In the foregoing analyses the flow is assumed to 
originate with certain momentum from an infinitessimal slot or hole. The 
analyses are applicable to the flow from a finite slot or hole sufficiently far 
downstream when a suitable hypothetical origin is chosen. This origin is 
the position of the infinitessimal slot and holes from which flow with the 
same momentum would produce the same velocity profiles far 
downstream. 
It is mathematically difficult to extend the mixing length theories to complex 
situations involving multiple-interfering jet groups. However, the inductive 
theory of the free turbulence introduced by Reichardt [1943] may be 
extended to such cases because the equation of motion in downstream 
direction is linearised. In all foregoing theories, it is assumed that 
[Knystautas, 1964] : 
1. The variations in the static pressure across the jet and the 
longitudinal normal stresses are negligible compared with the central 
dynamic pressure and thus the mean jet momentum is conserved; 
2. For sufficiently high Reynolds numbers, transition in the mixing layers 
occurs close to the nozzles and the effect of variations in fluid 
viscosity in the subsequent turbulent flow are small eddies; 
3. The flow in the quasi-two-dimensional jet is effectively 
incompressible. 
Figure 2.5 shows array of five nozzles in line. From this figure can be 
determined positions of each nozzle that closely take it apart. 
n = 0 
Figure 2.5. Array of five nozzles in line. 
2.9.1 Equation of Momentum from a Series of Nozzles : 
The momentum flux from a series of nozzles can be deduced from the net 
summation of the momentum flux contributions from individual 
axisymmetric jets spaced at a distance s apart. The central jet can be 
considered to emanate from the origin of a cylindrical coordinate system (r, 
Y, x) and the others to extend symmetrically in both directions along z-axis. 
The explanation of this configuration can be seen in Figure 2.5. According 
to the co-ordinates system (r, y. x) and numbered order n of the nozzles 
from the origin, the phenomena of jets emanating from a series of nozzles 
can be expressed mathematically from which one can represent the quasi-
two-dimensional jet as follows [Knystautas, 1964]: 
V A, 
U: nClx^ 
+00 
Z e 
r +(«5) -IrnsQosy 
(.ffjX 
(2.60) 
Knystautas [1964] has performed experiments that used a single 
axisymmetric jet. The result of the experiments showed that a single 
arbitrary constant Cm = 0.077 was agreed reasonably well with the value of 
Cm = 0.075 obtained by Alexander et al. [1953]. The equation (2.60) can 
be extensively investigated to obtain relationship X2d and Xo with 
dimensional nozzle-spacing, s/d. These relationships can be written as 
- f^ ^^ 
d \dJ 
X 
T = f d 
Í - 1 
\d) 
(2.61) 
(2.62) 
Beyond x = X2d, the effectively two-dimensional flow can be thought of as 
having originated from an infinitessimal hypothetical slot. For such case, 
equation (2.60) can be rewritten in integral form as 
u -
+00 
U; 
C„x dy (2.63) 
since it can be considered that s dy and ns y for the infinitessimal 
hypothetical slot, and that 
p U l A , = p U l K s ^ J , (2.64) 
Where, since momentum is conserved, be is the area of the nozzles per 
unit span for the quasi-two-dimensional jet, so that 
J' = pulK (2.65) 
Equation (2.63) can be simplified to give 
u: 
For the two-dimensional jet, 
(2.66) 
x-x. 
or 
U: 
u: x-x. (2.67) 
According to Newman [1961] 
c = —ob 
4 
(2.68) 
where a = 7.7 and is the empirical constant introduced by Gortler [1942]. 
The prediction of the location of Xo was developed from theory x = Xzd that 
obtained by matching the values of U^ / U^ at this point. Such prediction 
should give an upper limit to Xo. Thus, from equation (2.67), 
u: 
L « Jx=X2D 
(2.69) 
from which 
U: 
x=X2D 
(2.70) 
Using Newman's result, as in equation (2.68), 
X, 
d d 
-5.115^' 
d 
U: 
x=X2D 
(2.71) 
Thus, using equation (2.66), 
^ = 5 .775^ 
d d d 
d d 
(2.72) 
CHAPTER THREE 
EXPERIMENTAL EQUIPMENT AND PROCEDURE 
3.1 Apparatus 
Essentially, the apparatus comprised a bank of five nozzles, the enclosing 
vessel and a means of delivering a controlled flow of air. The jet emerged 
from WJO types of nozzles. One type of nozzle was round or circular and 
the other type of nozzle was two-dimensional or planar. The round type of 
nozzle was 13 mm in diameter. The bank of five nozzles was placed in the 
middle of a through the wall tube, 229 mm in diameter. The detail drawing 
of the test vessel with the outlet details drawing is shown in Figure 3.1. 
The nozzles could be used as five-nozzles, three-nozzles and one-nozzle 
system, respectively, by closing two or four holes of the five-nozzles set to 
provide a three-nozzles and a one-nozzle sets, respectively. 
The two-dimensional or planar type of nozzles were 26.5 mm high and 5 
mm wide. The nozzles were placed in a similar way and conditions to the 
round type of nozzles and the entire jets were enclosed in a cylindrical 
vessel with the atmospheric conditions. The dimensions of the vessel 
were 1500 mm high and 884 mm inside diameter and open at the top if 
the data were taken. The inside of the vessel contained the bank of the 
nozzles, the pitot tube for flow measurement, and a supporting rod. The 
vessel was made out of 3 mm high strength steel plate (internal grade 
SS41). The drawing of the test vessel and the detailed nozzle geometry 
drawing are given in Figure 3.1 and Figure 3.2, respectively. 
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Figure 3.1. Detail drawing of the test vessel with the outlet details. 
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Figure 3.2. Detailed nozzle geometry drawing. 
A photo of the actual vessel is shown in Figure 3.3. The number of the 
planar nozzles was similar to the round ones. The bank of the planar 
nozzles, five nozzles in all, and as in the previous case, they were used 
for each set of operating nozzles by the same procedure that was applied 
to the round nozzles. 
The velocity of the jet was maintained constant, and the temperature was 
maintained constant to within ±2 °C. The laboratory was not air-
conditioned and there was a variation of temperature, but it did not exceed 
5 °C. Additionally, the use of the closed vessel (Figure 3.1) eliminated all 
room draughts without disturbing the flow, and thus permitted 
measurements far downstream and across the jets from nozzles. 
Figure 3.3. The photo of the actual vessel. 
3.2 Mean Velocity Measurement 
The measurement of the mean velocity from a series of five nozzles, 
three-nozzles and one-nozzle was carried out by measuring the 
differential pressure of a pitot tube, the inlet pressure of the jets and the 
flowing air temperature of the jets emerging from the nozzles. The pitot 
tube used in the experiment was a reversed pitot tube, also known as a 
pitometer, has one pressure opening facing upstream and the other facing 
downstream. The pitot tube used is shown in Figure 3.4. 
For the sake of the record it is noted that initially it was planned to use 
thermistors to measure the air velocity and at the same time obtain also 
the turbulence pattern as additional information. The thermistors used 
were GEC type S205N glass encased miniprobes. Connection to the 
Wheatstone bridge circuit was via individual resistance of 50 kilo-ohm. 
The circuit used is shown in Figure 3.5. 
Figure 3.4. The pitot tube used in the experiment. 
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Figure 3.5. Wheatstone bridge circuit used in the early experiment. 
The measurement of the velocity distribution from a series of five nozzles, 
three nozzles and one nozzle was carried out by measuring the current 
created from the thermistors. The thermistor response depends on the 
temperature variation function of the current. Because only a small output 
current is produced, it was required to have an amplifying unit to amplify 
it. The variation of the mean velocity was measured at downstream 
stations of the axis of the jet and across the jet. 
After the initial runs were carried out with the thermistor system, it became 
obvious that the normal pressure fluctuations were masking the 
turbulence pattern to permit any useful identification of the latter. Attempts 
were made to dampen the measuring circuit and both constant current 
and constant temperature methods were tried, but the results were 
disappointing. After persevering with other adjustments to the circuit to no 
avail, the thermistor method was declared a failure for the air supply 
available and the pitot tube method, which is known for its good results in 
these circumstances, was used. 
3.3 Materials 
The only material used in this experiment was compressed air for making 
the gas distribution study from a series of five nozzles, three-nozzles, and 
one-nozzle. The supply of the compressed air was from a storage tank (air 
receiver) that had a maximum pressure of 5 bar gauge. The operating 
pressure for the experiment was atmospheric, the average temperature 
was 28 °C and the maximum operating temperature was 30°C. 
3.4 Procedure to Measure Mean Velocity 
For the sake of simplicity a check list style procedure is given in what 
follows. 
1. connect flexible hose 38.1 mm (1.5 in.) flange with the 38.1 mm 
flange installed in the line of the compressed air. The flexible 
hose was connected to the inlet of the piping system containing 
orifice meter and a bank of nozzles; 
2. open the 25.4 mm (1 in.) globe valve that was installed in the 
line of the compressed air; 
3. let the compressed air flow a few minutes, until the differential 
pressure in the U-tube reached constancy; 
4. adjust the opening of the 25.4 mm (1 in.) globe valve according 
to the predetermined pressure that was used in the experiment; 
5. put the pitot tube on the center of the supporting rod that was 
perpendicular to the axis of the flow. After determining that the 
jet was indeed axisymmetric, the traverses were made along one 
radius only. The data of the differential pressures and the inlet 
pressure were taken across the jet at the different stations 
downstream, ranging from 5 to 140 diameters; 
6. repeat the procedure of the measurements of the mean velocity 
for the other type and the number of the nozzles. Measurement 
of the one-rectangular nozzle was taken first then followed by 
three-rectangular nozzles, and five-rectangular nozzles. The 
circular ones were treated with the same procedure that was 
carried out with the rectangular ones; 
7. The temperature of the jet was taken for each run of the type 
and the number of the nozzles. 
Equipment/apparatus set up is shown in Figure 3.6 to help the reader to 
understand the procedure. 
3.5 The Data Analysis IVIethod 
Data analysis method was used as a tool for preparing a set of data which 
can be utilized for further analysis of the experimental results. 
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Figure 3.6. T h e appara tus set up used in the exper iment . 
The parameter to be investigated was the ratio between the discharge 
velocity, UQ and the mean centerline velocity, U^, namely ve loci ty scale . 
The velocity scale Uo/Uc was usually correlated against the length sca le 
(x/bo) '̂̂  (for a rectangular type of nozzle) or x/d (for a circular type of 
nozzle), where x is axial distance from the nozzle, b̂  is half of a slot 
width, and d is diameter of the nozzle . The other parameter analyzed was 
UX/UQ , the ratio between the axial mean velocity, U^ , and the discharge 
velocity, UQ , against the length scale. Of course, the discharge velocity, UQ 
can be calculated by applying equation (2.39) 
m = Pe.Ae.M3.Ce (2.39) 
Me-Ce = m/pe.Ae, SO we have 
Uo = Me-Ce 
To obtain the velocity scale ÜJU^ , the discharge velocity U^ was 
determined by taking equation (2.39) and the mean centerline velocity, U^ 
was obtained from the experiment. The lateral mean velocity profile, U /̂Uo 
versus the length scale variation, y/b (for rectangular nozzle) and r/d (for 
circular nozzle), where y is lateral distance normal to jet axis, r is radius 
normal to jet axis, b is a slot width, and d is diameter nozzle, was obtained 
by substituting the parameter U^, UQ , r, y , b and d. 
The Reynolds number was taken as the guideline of the measurements of 
the mean velocity. The experiment used the Reynolds number at to 
achieve the requirement of the subsonic flow. The equation for the 
Reynolds number at the exit of the nozzles can be written as [Knystautas, 
1964]; 
R = {(p, - p j b w r ; (3.1) 
for a rectangular type of nozzle, while for a circular one, 
R = {(Po - pM^r" (3.2) 
where, 
Po = supply pressure, Pa 
Pco = pressure of the still surroundings, Pa 
b or d = slot width or hole diameter, m 
p = flowing fluid density, kg/nn^ 
V = kinematic viscosity, m /̂s 
R = Reynolds number 
The mean centreline velocity, Û  and the axial mean velocity across the 
jet, U^ were determined by taking the flowing fluid temperature and the 
differential height in the U-tube with the equation obtained from the 
Bernoulli equation [Blevins, 1984], that is : 
U = U,= U, = C.{(2p Jp ) g h r (3.3) 
where, 
p^ = density of fluid in the manometer, kg/m^ 
p = density of flowing fluid, kgW 
g = accelaration due to gravity, m/s^ 
h = a visual reading of differential fluid height, m 
U = mean velocity in the longitudinal direction x, m/s 
Coefficient, C, for a reversed pitot tube is of the order of 0.85. This gives 
about a 40 percent increase in pressure differential as compared with 
standard pitot tube [Perry and Green, 1987]. 
CHAPTER FOUR 
EXPERIMENTAL RESULTS AND DISCUSSION 
The velocity distribution of gas or compressible fluid was studied by 
emanating a source of momentum from a supply of air to the surroundings 
at stagnant condition. Two different types and the number of nozzles were 
used. The first type was circular nozzles and the second one was 
rectangular nozzles. The velocity distribution of each type of nozzle was 
studied as a single nozzle by itself, or as a nozzle in a set of three nozzles 
and five nozzles, respectively. 
For clarity, the mean axial velocity of the circular nozzle and any flow 
interaction with neighboring nozzles will be discussed first and then similar 
presentation will be given for the rectangular nozzle. 
4.1 Mean axial velocity decay from round jet discharging freely 
The main interest in the present experimental investigation of the free 
round jet was the determining of the mean axial velocity and Figures 4.1 to 
4.5 and Figure 4.7 to 4.11 show the results of the measured mean axial 
velocity at the exit of a single nozzle and a series of nozzles. Figure 4.1 
and Figure 4.2 show the results of experiment of the variation of the 
centreline velocity, Uc, along jet axis, Uo/Uc and the interval of the 
downstream station, x/d, ranging from 5 to 52. The centreline mean 
velocity decay presented in Figure 4.1 and Figure 4.2, were obtained by 
substituting parameters x/d, r/d and UJUc into equation (2.59) and (2.60) 
for a single nozzle and a series of nozzles, respectively and then by taking 
square root equation (2.59) and (2.60) to make a correlation between 
Uo/Uc against x/d. From Figures 4.1 and 4.2 it can be shown that the Uo/Uc 
tends to increase as x/d increases. The slope of least-square line or the 
constant of the equation (2.59) and the correlation of determination, R̂ , are 
given in Table 4.1. 
Table 4.1. Linear regression parameter estimates of the fit for centreline 
axial mean velocity decay, fit: Uo/Uc = C i (x/d), 
No. Circular type of nozzle Ci R̂  (%) SD 
1. One nozzle, replication 1 0.24 94.4 3.70 
2. One nozzle, replication 2 0.27 92.8 3.70 
3. One nozzle, replication 3 0.28 93.8 ^.70 
4. Three nozzles 0.146 91.2 2.58 
5. Five nozzles 0.124 70.3 1.82 
As shown in Table 4.1 the experiment for a single nozzle was carried out 
by taking three replications, while for a series of three and five nozzles only 
one determination was made. The reason for this was that for the purpose 
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60 
of judging the accuracy of the experimental method employed, it was 
considered sufficient to only do three replications. 
The slopes of the single nozzle regression line varied little, i.e. 0.24, 0.28 
and 0.27 and the coefficients of determination, R ,̂ likewise. The high value 
of R^ shows that the total sum of squares of the error of prediction of Uo/Uc 
is explained nearly 94% by using the least-squares equation, to forecast 
actual Uo/Uc, and only about 6% is not explained on excellent prediction. 
The virtual origins of the single nozzle and the series of the nozzles were 
located at the nozzle itself. Hinze and Zijnen [1949] found that the virtual 
origin of their experiment was 0.6d behind the nozzle. The other 
investigator, Abramovich [1963] obtained a value of 2.2d behind the nozzle 
itself. Yimer [1993] also found some differences of the virtual origin. He 
reported that the virtual origin was 3.61 d in front of the single nozzle. 
Rajaratnam [1972] also reported the uncertainty involved in predicting the 
virtual origin, and suggested that the virtual origin be located at the nozzle 
itself. 
The estimated standard deviation of the three replications of one circular 
nozzle and standard deviations of three and five nozzles, SD (standard 
deviation), can be calculated by taking the square root of the estimated 
variances of the differences and variances, respectively. The standard 
deviations, SD, are given in Table 4.1. The values of SD of the single 
nozzle is 3.70, and the calculated values of the series of three and five 
nozzle were 2.58 and 1.82, respectively. 
The comparison of the centreline mean velocity decay constants between 
present experiment and the recent investigators is given in Table 4.2. The 
previous investigators found that the slope of the centreline mean velocity 
decay varied from 0.137 - 0.174 [Rajaratnam, 1976]. These slopes of the 
curve can be replaced by the other parameter, that is the mean velocity 
decay constant. It is obtained by taking inverse of the gradient of the 
least-square line. 
Table 4.2 illustrates the deviations of the mean velocity decay constant 
that were recently reported by the experimenters cited, where the highest 
value was for the jet of Panchapakesan and Lumley [1993] and the lowest 
value was Yimer's [1993]. Details of the experimental conditions along 
with some mean flow parameters are also given in Table 4.2. 
Table 4.2 shows that the parameters of Capp et al. [1990] were similar to 
those of Wygnanski and Fiedler [1969]. Capp et al used two different types 
of instruments to measure the mean velocity, these are LDA, Laser 
Doppler Anemometer an6 SHW, Stationary Hot-wire. 
Table 4.2. Experimental condition and some mean flow parameters : 
a comparison between present results and those of 
investigators: 
Investigators Reynolds 
Number 
Jet velocity 
m/s 
Jet diameter 
mm 
Method 
Mean velocity 
decay 
constant 
WF(1969) -10^ 51 25.4 SHW 5.4 
Rodi (1975) 8.7 lO'̂  101 12.0 SHW 5.9 
SHW-CHG 
(1990) 
-10^ 56 25.4 SHW 5.9 
LDA-CHG 
(1990) 
56 25.4 LDA 5.8 
P L(1993) 1.1 10^ 27 6.1 SM-HW 6.06 
IB (1993) 2.6 10^ 37 76.2 PT-BB 5.21 
Present 4.4 10^ 77 13 PT 4.2 
notes : 
WF = Wygnanski and Fiedler [1969]; CHG = Capp, et al. [1990]; 
PL = Panchapakesan and Lumley [1993]; IB = Yimer [1993]; 
SHW = stationary hot-wire; LDA = laser-Doppler anemometer; 
SM-HW = shuttle mounted hot-wire; 
PT-BB = pitot tube that have been used by Baker and Brown [1974 
PT = pitot tube. 
Capp [1983] and Hussein [1988] reported the experimental results in Capp, 
Hussein and George (CHG) [1990]. As a result of this, they (CHG) utilized 
the information of experimental condition and apparatus which was built by 
Wygnanski and Fiedler (WF), but in a much larger dimensions of room so 
that a jet was discharging freely in essentially an infinite environment 
[Panchapakesan and Lumley, 1993], The mean velocity decay constant 
found by Capp, et al. [1990] is slightly larger than that reported by 
Wygnanski and Fiedler [1969], Panchapakesan and Lumley [1993] and 
Yimer [1993] agreed with the Capp et al. [1990] argument that the 
deviation from the inverse law decay, x \ such as that found in the 
measurements of Wygnanski and Fiedler [1969], may have been due to 
effect of confinement of the jet and give an analysis for the expected 
momentum loss due to reverse flow set up by the confinement 
[Panchapakesan and Lumley, 1993]. The present result is the lowest 
value of mean velocity decay in Table 4.2 compared to previous 
investigators, with Yimer [1993] showing the lowest value employing a 
pitot tube in the experiment. 
Pitot tube is often utilized for measuring mean velocities in turbulent flow, 
however a drawback of pitot tube is the assumption that the tube is 
infinitely small in diameter, so that the cross sectional area of tube is 
perpendicular to the direction of the mean velocity, might be considered a 
true point [Hinze, 1959]. In practical use, the requirement of a true point 
cannot be employed, hence a deviation from theoretical value. Goldstein 
[1936] introduced theoretical analysis of the mean velocity measurement 
by pitot tube. The different result from theoretical value is caused by 
neglecting a spanwise velocity gradient in turbulent flow and a lateral 
velocity fluctuation that exists in the cross sectional or frontal area of pitot 
tube. Hinze and Zijnen [1959] neglected the effect of the spanwise velocity 
and only carefully thought about the streamwise turbulence velocity, 
whereas Alexander, et al. [1949] and Baker and Brown [1974] suggested 
that the outcome of streamwise and spanwise turbulence was omitted and 
employed the correlation of AP = 1/2pU^, where p the air density and U=Ux 
the mean velocity in the longitudinal direction, x. The quantity of AP = 
1/2pU^gave a result accurately if it was measured by a round nosed probe 
of Di/D < 0.3 [Baker and Brown, 1974], where D is a round nosed probe 
diameter and Dj is diameter of pressure tap. As a result of this, Yimer 
[1993] employed pitot tube that was used by Baker and Brown [1974], For 
the present experiment, a cylinder type of pitot tube was used with its 
stagnant pressure tap placed perpendicular to the direction of axial mean 
flow, while the static pressure tap had a 180° angular spacing from the 
stagnant pressure tap. Considering all of the above factors, the deviation 
of the measured mean velocity in the present experiment of about 20%, 
from that reported by Yimer [1993], also using a pitot tube, can be 
considered acceptable. 
The present experiments used the three and five nozzle series in line from 
which a multijet emerged (the distance between the nozzle, s/d = 1.3, 
where s is the distance between each nozzle and d is diameter of the 
nozzle), while the flow in a single axisymmetric jet was studied in diameter, 
d = 13 mm. The results of the round type of nozzle series show that the 
values of mean centreline velocity decay constant were 6.85, for three 
circular nozzles at an orifice Reynolds number of 7.29x10"̂ , and 8.06 for 
five nozzles at an orifice Reynolds number of 4.63x10" .̂ 
Yimer [1993] extrapolated the study of a single round jet by analyzing 
multijet from typical "like" burner. He reported one of typical "like" burner 
mean centreline velocity decay constant of 6.29 at a Reynolds number of 
1.59x10^. The other experimenter using seven nozzles in line from which 
a multijet emanated [Knystautas, 1964] found that the mean centreline 
velocity decay constant was 5.81. This value was produced plotted 
2 2 
Uo /Uc against x/d and it compares well with the velocity decay constant of 
6.49, of equation (2.59) by substituting r = 0, Cm= 0.077, x, and d into 
equation (2.59), if it is plotted as Uo/Uc versus x/d. The present data for 
three and five nozzles from which a multijet emanated, are given in Figure 
4.1 and Figure 4.2. From above results show that the mean centreline 
velocity decay constants lie slightly above those of Knystautas [1964], 
Panchapakesan and Lumley [1993] and Yimer [1993], 
4.2 Lateral mean velocity field from round jet discharging freely 
Figures 4.3 to 4.5 show the velocity profiles in the submerged round jet. 
Figure 4.3 shows the velocity profiles for a single round jet that were 
determined at the following distances from the nozzle, expressed 
dimensionlessly x/d, where x is distance from the nozzle itself and d is 
diameter of the nozzle: x/d = 5.5, 21, 33, 44, and 52. These velocity 
profiles are plotted as Ux/Uo , where Ux = U is mean velocity in the 
longitudinal direction x and Uo is discharge velocity, against r/d, where r is 
the jet radius from x-axis and d is diameter of the nozzle. From Figure 4.3 
can be seen that at x/d = 5.5, the velocity scale, U/Uo, drops rapidly, while 
at distances x/d = 44 and 52, the mean axial velocity is, for all practical 
practical purposes exhausted at these distances. The velocity profiles at 
x/d = 21 and 33 show that the U/Uo expanded to reach the value U/Uo = 
0.1. 
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Figure 4.3. Mean velocity profiles in the centre plane z = 0 
for circular type of one nozzle. 
Figure 4.4. Mean velocity profiles in the centre plane z = 0 
for circular type of three nozzles. 
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Figure 4.5. Mean velocity profiles in the centre plane z = 0 
for circular type of five nozzles. 
Considering the above results, the present experimental mean velocity 
profiles of the simple axisymmetric, round, free jet and free multijet are 
represented by a single axisymmetric nozzle. Figure 4.6 shows theoretical 
mean velocity profiles that were created by substituting parameters r/d and 
x/d into equation (2.59). By inspection. Figure 4.3 describing mean 
velocity profiles at various downstream stations, x/d, compares well with 
Figure 4.6 showing theoretical mean velocity profiles. Figure 4.6 is well-
accepted in the literature, however, it does not predict mean velocity profile 
less than eight diameters from the exit nozzle. 
One previous investigator [Knystautas, 1964] concluded that the mean 
velocity profiles obtained from equation (2.59), can be used for predicting 
the mean velocity profiles for a single and a series of nozzles, even in 
three dimensions. 
Figures 4.4 and 4.5 show the value U/Uo expanded to reach the certain 
value at downstream stations, x/d : 33, 44, and 52. The simple 
axisymmetric, round (quasi two-dimensional), free multijet was employed in 
the present experiment with three and five nozzles and the distances 
between the nozzle, s/d = 1.3, where s is a distance between each nozzle 
and d is diameter of the nozzle. 
Lateral Mean Melocity Profile Verification Equation (2.59) 
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Figure 4.6. Theoretical mean velocity profiles in the centre 
plane z = 0 for a single axisymmetric jet. 
4.0 
Impel [Abramovich, 1963] stated that the velocity profiles in the different 
downstream stations and across the submerged jet showed a continuous 
broadening of the velocity of the jet. Knystautas [1964] employed the 
experiment that found the downstream mean velocity profiles along the 
centre plane of the quasi-two-dimensional (round) jet. The results of his 
experiment showed that the mean velocity profiles of the distance between 
the nozzle, s/d 1.5 and the axial distance, x/d = 20, 22, 24, and 28, are 
relatively constant at certain values of U/Uo. Knystautas [1964] also 
reported similar results at s/d = 3.0 and x/d = 28, 36, 40, 44, and 48. As 
Figures 4.3 - 4.5 show, the present results parallel these finding of 
Knystautas [1964]. 
4.3 Mean axial velocity decay from rectangular jet discharging freely 
The flow in the two dimensional jet was studied at a slot width b = 5 mm 
and the value of the Reynolds number R = {(po - p j b̂ / (pv̂ )}̂ ^̂  were 
1.22x10"̂  (for five nozzles), 1.91x10"̂  (for three nozzles) and 2.91x10"̂  (for 
one nozzle). For the three and five nozzles, the distance from each nozzle 
was 17 mm. Figure 4.7 and Figure 4.8 show the mean axial velocity 
decays with the downstream distance for the jet emerging from three 
rectangular nozzles, and five rectangular ones, respectively, one 
rectangular nozzle with data included in each case for comparison. 
Figures 4.7 and 4.8, show the plot of the variation of centerline mean 
velocity Uc along jet axis, expressed non-dimensionaliy as Uo/Uc , against 
the square downstream distances (x/bo)̂ ^̂  , where bo is a half of a slot 
width, b. The centreline mean velocity decay presented in Figures 4.7 and 
4.8, were obtained by substituting parameters x/d and Uo/Uc into equation 
(2.67) for a single nozzle and a series of nozzles and then by taking square 
root of equation (2.67) to make relationships between Uo/Uc against x/d. 
From Figures 4.7 and 4.8, the velocity scale, Uo/Uc, appears to vary 
randomly about the least-squares line. The slope of least-square line or 
constant of the equation (2.67) and the correlation of determination, R ,̂ are 
given in Table 4.3. 
Table 4.3 shows that, as in the case of round nozzles in Table 4.1, the 
experiment for a single rectangular nozzle was carried out by taking three 
replication, while the three and five nozzle series were only measured 
once. 
The slopes of the single nozzle varied as 1.35, 1.21 and 1.25, while those 
of the three and five nozzles were 0.896 and 0.701, respectively. The 
largest value was the single nozzle one and the lowest value was the five 
nozzles one. 
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Table 4.3 Linear regression parameter estimates of the fit for centreline 
axial mean velocity decay, fit: Uo/Uc = Ci (x/d-Xo/d)°.̂  
No. 
Rectangular 
type of nozzle Ci Xo/d R̂  (%) SD 
1. One nozzle, replication 1 1.21 0.56 84.7 2.78 
2. One nozzle, replication 2 1.35 2.32 82.0 2.78 
3. One nozzle, replication 3 1.25 0.66 88.3 2.78 
4. Three nozzles 0.896 1.17 83.7 2.17 
5. Five nozzles 0.701 0.26 77.6 1.76 
The coefficients of determination, R ,̂ of the three replicated runs show 
that the total sum of squares of the prediction error can be reduced nearly 
85%-averaged by using the least-squares equation, instead of using 
predicted Uo/Uc, to forecast actual Uo/Uc. 
The hypothetical origins of the single nozzle were located in front of the 
nozzle at 2.32bo (replication 1), 0.56bo (replication 2), and 0.66bo 
(replication 3), while the virtual origins of the series of the nozzles were 
1.173bo front of the nozzles and 0.264bo front of the nozzles. Zijnen [1958] 
found that the imaginary origins of his experiment were 1.2bo and 2.4bo 
behind the nozzle. Rajaratnam [1972] explained the results by the similar 
argument as that reported in Section 4.1. However, with the uncertainty 
involved in predicting the hypothetical origin, so that the virtual origin is 
suggested to be located at the nozzle itself. 
The estimated standard deviation and the standard deviations, SD 
(standard deviation), are given in Table 4.3. The values of SD of the single 
nozzle was 2.78, and the calculated values of the series of three and five 
nozzles were 2.17 and 1.76, respectively. 
Forthmann [1934], Albertson et al. [1950] and Zijnen [1958] found that the 
slope of a single two dimensional jet emerging from one rectangular nozzle 
1 /2 
giving a linear correlation of U o / U c against (x/bo) , varied from 0.26 to 0.32 
[Rajaratnam, 1976], while the value of the mean velocity decay constant 
varies from 3.12 to 3.78. The other investigator [Knystautas, 1964; 
reported the flow in a two dimensional jet and emerging from seven 
nozzles, studied at three slot widths, with b = 6.22, 4.78 and 3.12 
millimeters, for a range of Reynolds numbers between 6.5x 10^ and 
4.1x10"̂ . The plot of the inverse square of the mean centreline velocity, 
( U o / U c ) ^ , in proportion to the downstream distance, x /b , gave a slope of 
0.1722 of the correlation made according to a law by taking square 
root of the equation (2.67). In that way, the gradient of the equation was 
0.293. 
Many investigators employed the correlation which applied the law. As 
noted above there are differences in results between the present 
experiment and previous investigators, namely, Forthmann [1934], Zijnen 
[1958], and Knystautas [1964]. Heskestad [1965] argued that the slope of 
least squares line of variation mean centreline velocity, Uc along jet axis, 
1/Uc versus (x/bo)"̂ ^̂ , was 0.68, or 1.46 of the mean centreline velocity 
decay constant. He utilized a two-stage axial blower that provided airflow 
through a rectangular nozzle of width 12.7 mm. and height of 1524 mm. 
The nozzle Reynolds number was 3.4x10"̂  and the length scale variation 
ranged from x/d = 45 to 160. 
Heskestad [1965] stated that Forthmann [1934] and Zijnen [1958] 
measured the axial mean velocity in proportion to downstream stations 
with a short range from 0-25 orifice width and 6-22 orifice width, 
respectively. The short range and close to orifice position means that 
similarity cannot be employed to the length scale variation, x/b. The 
Heskestad's [1965] argument did not confirm Knystautas [1964] finding, 
eventhough the similarity of length scale variation was operative in 
Knystautas's experiment. The results of the present experiment, especially 
for the five nozzle series, compares well with Heskestad [1965] finding. 
The slope of the five nozzle series compares well with the slope of 
Heskestad [1965] results of experiment, but is lower than the slope for one 
nozzle and three nozzles. This is mpst likely due to exit instabilities that are 
built -in to a particular jot and are not neglGcted the uncertainty involved in 
predicting the hypothetical jet origin, to assure all aspect of similarity 
[Yimer, 1993], 
4.4 Lateral mean velocity field from two dimensional jet discharging 
freely 
Figures 4.9 to 4.11 show the velocity profiles in the submerged two 
dimensional jet. Figure 4.9 shows the velocity profiles for a single two-
dimensional jet that were determined at the following distances from the 
nozzle, expressed dimensionlessly, x/b, where x is distance from the 
nozzle itself and b is the slot width: x/b = 14, 54, 86, 115, and 135. These 
mean velocity profiles were plotted with the similar procedure given in 
Section 4.2, that is, Ux/Uo , where Ux = U is mean velocity in the 
longitudinal direction x and Uo is discharge velocity, against y/b, where y is 
the distance normal to x-axis of the jet and b is the slot width of the nozzle. 
From Figure 4.8 it can be seen that at x/b = 14 and 54, the velocity scale, 
U/Uo diminished rapidly, while at distances x/d = 86, 115, and 135, the 
mean axial velocity profiles have a tendency to contract to the certain 
value at U/Uo = 0.1. 
One previous investigator [Fothmann, 1934] stated that the velocity 
profiles in the different downstream stations and across the submerged jet 
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for rectangular type of five nozzles. 
show similar characteristics as in the case of a round jet. Forthmann[1934] 
has also studied the velocity profiles of a single two-dimensional, free air 
jet at the downstream stations from the nozzle: x/d = 0.31, 0.54, 0.77, 0.96, 
and 1.15 and from a rectangular nozzle 0.03 m high and 0.65 m wide with 
the jet velocity at the outlet from the slot was 35 m/s. 
The two-dimensional, free multijet was employed in the present experiment 
with three and five nozzles and the distance between the nozzle, s/b = 3.4, 
where s is the distance between each nozzle and b is the slot width of the 
nozzle. It is interesting to note that Figure 4.10 and Figure 4.11 show the 
values U/Uo at x/d = 86, 115, 135 behave so that there is a continuous 
contracting of the mean velocity profiles to reach certain value of Ux/Uo, 
whilst the mean velocity profiles at downstream stations, x/d = 14 and 54, 
are quite different. Similar characteristic was also shown in the mean 
velocity profiles of the single two-dimensional, free jet (Figure 4.9). 
George [1989] stated that "Although the centreline velocity decay rate is 
dependent on exit conditions, the mean velocity profile is not." This 
statement is confirmed well by Forthmann [1934], Knystautas' [1964 
findings, and by the results of the present study also. 
4.5 Application to Hyl 111 
Reducing gas distribution through nozzles in the plenum of the Hyl 111 
reactor in PT Krakatau Steel (PTKS) is an important factor in the 
performance of the reactor. For example, the degree of metallization, the 
consumption of gas per tonne of DRI etc. are all a function of the reducing 
gas penetration and distribution in the shaft. Basic knowledge of an Hyl 111 
reactor technology and better understanding of the phenomena of reducing 
gas discharging into the bottom section of the reduction zone of the Hyl 1111 
reactor are clearly important in this regard. 
The present research began by scaling down of the dimensions of the 
rectangular nozzle of the Hyl 111 reactor in PTKS and making similarity of 
turbulent regime between an exit flow of the actual nozzle and a model 
nozzle. The dimensions of the actual nozzle were 50 mm width and 190 
mm. high, and those of the model nozzle were 5 mm. width and 26.5 mm 
high. Area of the nozzle with the scale down dimensions was used as a 
basis in designing the other type of nozzle, i.e. circular type of nozzle. 
Because of different circumstances between the actual nozzle and the 
model nozzle operation, some assumptions were taken with regard to the 
process conditions. Air was used as the simulation fluid, its temperature 
was ambient, and the air flowing through the model nozzle discharged 
freely into a reservoir. Because the incoming gas through the actual Hyl III 
nozzles emerges into a moving bed reactor, the results of this study cannot 
be applied, as such, to the operating reactor. Nevertheless, the pattern of 
the flow at an exit nozzle and a series of the nozzles of different geometry, 
even if the fluid is cold and discharging freely into a stagnant condition, 
can be validly compared. Thus, since the results of the present study show 
that the rectangular type of nozzle and circular type of nozzle give like 
characteristic in the mean velocity profile, while the mean axial velocity 
decay (decay rate) of the rectangular nozzle is slower than decay rate of 
the round nozzle, it is considered that either type may be used. However, 
based on lower momentum loss during emerging freely into a stagnant 
condition, as found in the present study, the rectangular nozzle or a series 
of the rectangular nozzles appear to be more suitable than round nozzles. 
The results of this study are considered to provide a better basis to 
understand the phenomena of gas discharging from a single nozzle and a 
series of the nozzles in general. Additionally, the study of the latter has 
practical significance in better understanding the phenomena at the bottom 
section of the reduction zone in the Hyl III reactor in PTKS. 
CHAPTER FIVE 
CONCLUSIONS 
The results of the present study have shown that: 
1. The slope of the centreline mean velocity decay for one circular nozzle 
and the three and five circular nozzle series are 0.240, 0.146, and 
0.124, respectively, and it follows inverse-law decay, x"̂ ; 
2. The variation in the centreline mean velocity decay (decay rate) of the 
three circular nozzle series is within the range of the slope of a single 
axisymmetric jet and multijet (0.137-0.192). The slope of the one 
circular nozzle is higher than the range values reported for simple 
round jets, while the value of the five circular nozzle series is slightly 
lower than the range of the values cited in the literature; 
3. The gradient of the centreline mean velocity, Uc, along the jet axis for a 
two dimensional (rectangular) type of the one nozzle, the three and five 
nozzle series are 1.21, 0.896, and 0.701, respectively, and it follows an 
1/2 
inverse square root-law decay, x" ; 
4. The variation of the centreline mean velocity, Uc , along the jet axis 
(decay rate) for the five rectangular nozzle series compares well with 
Heskestad's [1965] finding (0.68), while the values of the one 
rectangular nozzle and the three rectangular nozzle series are higher 
than the reported values; 
5. The mean velocity profiles in the centre plane, z = 0, for circular type of 
the one nozzle and the three and five nozzle series show a continuous 
broadening of the velocity of the jet in the different downstream stations 
and across the submerged jet; 
6. The mean velocity profiles in the centre plane, z = 0, at the different 
downstream stations and across the jet of two dimensional, free jet and 
multijet show similar characteristic, except at downstream stations, x/d 
= 14 and 54. 
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APPENDIX 
Navier-Stokes Equations 
in Cartesian and Cylindrical Coordinates 
A.1 Cauchy and Navier-Stokes equation in Cartesian (x, y) 
coordinates [Gerhart and Gross, 1985] 
x-component: 
au 
di + u ( f ) + v ( f ) ' 
d? 
.2 "T dx' (A-1) 
y-component: 
a + ay c V ) (A-2) 
Equations (A-1) and (A-2) are Cauchy and Navier-Stokes equation 
(viscous flow, Jul 0) for two dimensional, two directional flow. 
By substituting ji = 0 for inviscid flow (Euler equation), equations (A-1) 
and (A-2) become to 
dt 
a 
+ 
+ 
u ( f ) + v ( f ) 
u ( f ) + v ( f ) 
- f + Pg: 
= + Pgy 
(A-3) 
(A-4) 
A.2 Navier-Stokes equation in cylindrical (r, y, x) coordinates [Gerhart 
and Gross, 1985] 
x-component 
f + v ( f ) + ^ ( f ) + U dx 
cP' u , 1 I cYu \ , ( f u 
Dy' I 
(A-5) 
r-component 
du 
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y-component 
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